Enzyme structural dynamics play a pivotal role in substrate binding and biological function, but the influence of substrate binding on enzyme dynamics has not been examined on fast time scales. In this work, picosecond dynamics of horseradish peroxidase (HRP) isoenzyme C in the free form and when ligated to a variety of small organic molecule substrates is studied by using 2D-IR vibrational echo spectroscopy. Carbon monoxide bound at the heme active site of HRP serves as a spectroscopic marker that is sensitive to the structural dynamics of the protein. In the free form, HRP assumes two distinct spectroscopic conformations that undergo fluctuations on a tens-of-picoseconds time scale. After substrate binding, HRP is locked into a single conformation that exhibits reduced amplitudes and slower time-scale structural dynamics. The decrease in carbon monoxide frequency fluctuations is attributed to reduced dynamic freedom of the distal histidine and the distal arginine, which are key residues in modulating substrate binding affinity. It is suggested that dynamic quenching caused by substrate binding can cause the protein to be locked into a conformation suitable for downstream steps in the enzymatic cycle of HRP.
Enzyme structural dynamics play a pivotal role in substrate binding and biological function, but the influence of substrate binding on enzyme dynamics has not been examined on fast time scales. In this work, picosecond dynamics of horseradish peroxidase (HRP) isoenzyme C in the free form and when ligated to a variety of small organic molecule substrates is studied by using 2D-IR vibrational echo spectroscopy. Carbon monoxide bound at the heme active site of HRP serves as a spectroscopic marker that is sensitive to the structural dynamics of the protein. In the free form, HRP assumes two distinct spectroscopic conformations that undergo fluctuations on a tens-of-picoseconds time scale. After substrate binding, HRP is locked into a single conformation that exhibits reduced amplitudes and slower time-scale structural dynamics. The decrease in carbon monoxide frequency fluctuations is attributed to reduced dynamic freedom of the distal histidine and the distal arginine, which are key residues in modulating substrate binding affinity. It is suggested that dynamic quenching caused by substrate binding can cause the protein to be locked into a conformation suitable for downstream steps in the enzymatic cycle of HRP.
horseradish peroxidase ͉ ultrafast E nzyme-substrate binding is a dynamic process that is intimately coupled to protein structural fluctuations (1, 2) . High-throughput screening methods have identified enzymes that bind structurally diverse inhibitors within their active sites, often with binding affinities exceeding those of the biologically derived substrate (3, 4) . Such experimental observations illuminate our understanding of protein-substrate interactions, underscoring that static protein structure information alone is insufficient to describe the diverse influences of ligand binding at an active site (2) . A complete description of protein-ligand interactions requires information on the modification of protein dynamics, if any, when a ligand binds.
Proteins rapidly interconvert within an ensemble of similar conformations (5) (6) (7) (8) (9) (10) . A subset of these rapidly interconverting states may be favorable for binding a given substrate. A different subset of conformations may accommodate a structurally heterologous ligand. Although conceptually appealing, this mechanism is difficult to probe experimentally because it requires sensitivity to protein structural dynamics on fast time scales. The questions addressed here are, does substrate binding influence protein dynamics, and do different substrates binding to the same protein produce distinct changes in protein dynamics?
Ultrafast 2D-IR vibrational echo spectroscopy can probe protein conformational fluctuations under thermal equilibrium conditions on time scales ranging from subpicoseconds to Ϸ100 picoseconds or longer. 2D-IR vibrational echo spectroscopy is somewhat akin to 2D-NMR techniques but reports on protein dynamics that occur on fast time scales. The methods have recently been applied to study model enzymes (11, 12) , protein unfolding (10), peptide dynamics in membranes (9) , and protein equilibrium fluctuations in aqueous and confined environments (7, 8, 13, 14) . In this work, we use 2D-IR vibrational echo spectroscopy to examine the equilibrium structural fluctuations of horseradish peroxidase (HRP) in the absence and presence of small molecule substrates with dissociation constants spanning three orders of magnitude. HRP is a type III peroxidase-family glycoprotein that oxidizes a variety of organic molecules in the presence of hydrogen peroxide as the oxidizing agent (15) . HRP has proven to be amenable to protein engineering and has been of intense interest in bioindustrial and enantiospecific catalysis applications (4, 16) .
The active site of HRP comprises a solvent-exposed iron-heme prosthetic group that participates in the enzymatic catalysis cycle (4, 16) . The heme can bind carbon monoxide (CO), which has frequently been exploited as a site-specific reporter of protein structure (8, 13, 17, 18) and dynamics (8, (19) (20) (21) . The time dependence of the CO transition frequency is a spectroscopic reporter of protein structural fluctuations (8, 13, 21) . Within the dynamic Stark-effect model, structural fluctuations of groups within the protein generate a time-dependent electric field at the heme active site (8, 13, 21) . The CO transition frequency is exquisitely sensitive to electric fields (20, 22) . Therefore, COfrequency fluctuations are sensitive to global and local protein structural evolution.
The small molecule substrates used in this study are benzhydroxamic acid (BHA) analogs that have been investigated as a general class of tightly binding inhibitors for HRP and other peroxidases (4, 23) (see Fig. 1 ). A wealth of structural (24) (25) (26) (27) , biochemical (16, 28, 29) , and spectroscopic evidence (19, 20, 30, 31) has identified His-42 and Arg-38 as the key HRP residues in modulating substrate binding and enzymatic activity. These distal heme residues are highly conserved in the peroxidase family (4). Substrates and intermediates in the catalytic reaction of HRP interact with the distal residues through an extensive hydrogen-bonding network within the active site (24, 32) (see Fig. 2 ). Substrates such as BHA can participate strongly with this intrinsic hydrogen-bond network, showing the strongest binding affinities. The substrates selected for this study incorporate key structural modifications that tune their propensity for making hydrogen bonds within the active site and thus exhibit dissociation constants between K d ϭ 4300 Ϫ 0.16 M from ferric HRP (16) .
Aqueous HRP in the free form (without substrate) adopts two distinct spectroscopic states and, as shown below, has structural dynamics on the Ͻ1-and 20-ps time scales. After substrate binding, HRP occupies a single structural state. The protein dynamics, as reported by the CO transition-frequency fluctuations measured with the 2D-IR experiments, decrease in amplitude and slow down significantly. The protein dynamics of HRP are compared with myoglobin-CO (MbCO) and a mutant H64V (the distal histidine is replace by valine) that exhibits a similar reduction in observed dynamics relative to MbCO. The results are used to comment on the possible role of the biologically derived substrates in reordering the protein active site to facilitate downstream events in the enzymatic pathway.
Results and Discussion
Linear Spectra. The background-subtracted and normalized linear absorption spectra of free and inhibitor-bound HRP-CO in 2 H 2 O are presented in Fig. 1 . At pD 7.4, free HRP occupies two spectroscopically distinct structural conformations, with CO absorption bands centered at 1,903 and 1,934 cm Ϫ1 (33, 34) (Fig.  1a) . The x-ray crystal structure of HRP-CO shows an extensive hydrogen-bond network at the active site that incorporates the CO, His-42, Arg-38, and a disordered water molecule in the heme cavity (24) (see Fig. 2 ). Resonance Raman spectra of the distal histidine imidazolium (35) and other experimental data (34) suggest that in the red state the CO is nearly normal to the heme plane and oriented such that it has a strong interaction with the distal histidine and a weaker one with the distal arginine. In the blue state the Fe-C-O linkage, although linear, is somewhat bent relative to the heme normal, allowing the CO to have a strong interaction with the distal arginine and a weaker one with the distal histidine. Resonance Raman evidence indicates that the crystal structure of the heme pocket shown in Fig. 2 resembles the blue spectroscopic state (35) . This structural assignment of the blue state is reinforced by pH titration studies of HRP. Deprotonation of His-42 at pH 8.7 is correlated with a total disappearance of the red state in HRP, indicating that CO in the red state participates in hydrogen bonding with a hydrogen on the distal histidine (35) . Fig. 1b shows the background-subtracted linear spectra of HRP ligated with BHA (solid curve) and 2-napthohydroxamic acid (2-NHA) (dashed curve). Fig. 1c displays the linear spectra of HRP-N-methylbenzamide (NMBZA), HRP-benzamide (BZA), and HRP-benzhydrazide (BZH) complexes. After substrate binding, the CO band becomes a single, essentially Gaussian peak centered between 1,898 and 1,915 cm Ϫ1 (33, 34) . The ligated HRP spectra are spread around the frequency of the unligated HRP red state and are significantly lower in frequency than the blue unligated state. The CO-band peak positions and widths are summarized in Table 1 . A change in the transition frequency of the type observed here is almost certainly caused by a rearrangement of the distal cavity structure (8, 20) . For example, in MbCO it is well documented that the three spectroscopically distinct substates, A 0 , A 1 , and A 3 , arise from distinct configurations of the distal histidine (8, 36) .
Substrate binding in HRP is enthalpically stabilized, largely by the strong substrate carbonyl-Arg-38 hydrogen bond (16) . The HRP mutant R38L does not bind BHA (37) ) arise from the 0-to-1 vibrational transitions of the CO stretch of the red and blue states of HRP, respectively. The negative peaks (blue) arise from the 1-to-2 transitions and are displaced from the diagonal bands by a CO vibrational anharmonicity of Ϸ25 cm Ϫ1 (38) . These negative-going bands are directly below their corresponding positive-going 0-to-1 bands. The dynamical information obtained from the 1-to-2 bands is the same as that obtained from the 0-to-1 bands; therefore, only the 0-to-1 bands are analyzed below.
As can be seen in Fig. 3 , both the relative amplitudes and the shapes of the 0-to-1 bands (bands on the diagonal) change with increasing T w . At early T w , the amplitudes of the two states are determined by the strengths of their transition dipole moments and concentrations. Vibrational energy relaxation to the ground vibrational state reduces the amplitudes of both bands at longer T w . IR pump-probe experiments were used to measure the vibrational lifetimes of the red and blue states, which were determined to be 8 and 12 ps, respectively. Therefore, although the red state has a higher equilibrium concentration, the band at ( , m ) ϭ (1,903 cm Ϫ1 , 1,903 cm Ϫ1 ) decays significantly faster than the blue band, and the ratio of the peak amplitudes changes with increasing T w .
The change in shape of the bands as T w is increased reflects protein structural dynamics. The vibrational echo pulse sequence used to collect 2D-IR spectra displays inhomogeneous broadening along the diagonal and dynamic broadening along the antidiagonal (39) (shown as dashed lines in Fig. 3 ). At short T w , the 2D dynamic line shape has significant inhomogeneous broadening, which manifests itself as elongation along the diagonal. As T w is increased, the experiment picks up longer time-scale protein dynamics that increases the antidiagonal width and decreases the diagonal width but to a lesser extent than the antidiagonal. In the long time limit, all protein fluctuations contribute to the 2D spectrum, which would lead to a 2D-IR shape with equal diagonal and antidiagonal linewidths.
To compare the 2D line-broadening behavior of the different states of HRP, we define the eccentricity, , of a 2D band according to
where AD and D are the bandwidths along the antidiagonal and diagonal slices, respectively (see dashed lines in Fig. 3 Upper Left). This definition for the eccentricity displays several convenient limits. In the case of large inhomogeneous broadening, AD Ͻ Ͻ D , and 3 1. At longer T w , slower time-scale protein dynamics contributes to the antidiagonal width, causing the eccentricity to decay to zero. In the long time limit in which all protein structures have been sampled, 3 0. The eccentricity is a convenient way to succinctly summarize protein dynamics contained in the 2D-IR spectra. The full 2D spectral shapes are used in fitting the data.
The T w -dependent eccentricities of free and substrate-bound HRP are presented in Fig. 4 . Curves through the data are obtained from 2D-IR calculations using a dynamic Stark-effect model of protein dynamics that is described below. In Fig. 4a , the eccentricities of the red and blue spectroscopic states of free HRP are shown as squares and circles, respectively. Both states have nearly identical initial eccentricities, indicating a similar ratio of dynamic to inhomogeneous broadening at very short T w . The eccentricity of the red states decays faster than that of the blue state and reaches Ϸ0.5 at the longest experimentally accessible T w . Neither the red states nor the blue states have sampled all structural configurations on the time scale of the experiment. Fig. 4b presents the T w -dependent eccentricities of HRP complexed with the five substrates. Introducing the substrate into the protein active site fundamentally changes the nature of the dynamics, as is evident in the qualitative differences between the T w -dependent eccentricities in Fig. 4, a and b . Substrate binding shifts dynamics to longer time scales. With a bound substrate, the eccentricity decays on the time scale of a few picoseconds at early T w but plateaus after T w ϭ Ϸ10 ps, becoming nearly T w -independent. In the cases of BHA and 2-NHA bound to HRP, the eccentricities may continue to decrease but on time scales that are very slow, particularly compared with the free-HRP red state. Dynamics in HRP complexed with NMBZA are significantly constrained, and the eccentricity stops changing at a relatively large value of Ϸ0.75. A large T w -independent eccentricity indicates that a significant fraction of the total CO linewidth undergoes frequency fluctuations on time scales that are much slower than the experimental observation window. Fig. 4 demonstrates qualitatively that substrate binding to HRP significantly slows the short-time-scale structural dynamics of the protein and shifts a significant fraction of the fluctuations to much longer time scales.
Underlying Protein Dynamics.
A quantitative description of the amplitudes and time scales of CO-frequency fluctuations is provided by the frequency-frequency correlation function (FFCF) (8, 13, 21) . Within standard approximations, both the linear absorption spectrum and the 2D-IR vibrational echo spectra at all T w are simultaneously described by the FFCF (40) . A multiexponential form of the FFCF, C(t), conveniently organizes a distribution of protein-fluctuation time scales and has been found to reproduce the influence of structural dynamics on the CO frequency in other heme proteins (7, 8, 41) . A biexponential plus a constant FFCF was sufficient to describe most of the observed protein dynamics in HRP:
The static component in C(t), ⌬ 3 , is the contribution to the CO-frequency distribution that occurs from protein structures that interconvert slower than the observable experimental time scales. The 2D-IR experiment is sensitive to dynamics that occur out to several T w (42) , which corresponds to Ϸ100 ps in the experiments presented below. Structural fluctuations slower than Ϸ100 ps appear static to the experiment and are described by ⌬ 3 . The ⌬ 3 term can be viewed as multiplied by another exponential, but as far as the experiment is concerned in all but one case discussed below, 3 ϭ ϱ. ⌬ i is the amplitude of frequency fluctuations (in units of angular frequency) resulting from structural evolution with a characteristic time i . For ⌬ i Ϫ1 i Ͻ Ͻ 1 for a given exponential term, this component of the FFCF is motionally narrowed (41, 43) . A motionally narrowed term in C(t) contributes a T w -independent symmetric 2D Lorentzian line with a width ⌫* ϭ ⌬ 2 to the total 2D-IR spectrum. For a motionally narrowed component, ⌬ and cannot be determined independently; rather, ⌫* can be obtained. The fastest protein fluctuations can contribute a motionally narrowed exponential to the FFCF and arise from very fast local motions of small groups, analogous to low-frequency vibrations, that do not significantly modify the enzyme topology. These fluctuations have been observed in experiments and simulations of several similar heme-CO proteins and will not be discussed further here (7, 41) .
FFCFs were extracted from the experimental data by using an iterative fitting algorithm. The FFCF obtained from analysis of the data using response-theory calculations (40) was deemed correct when it could be used to simultaneously calculate 2D-IR spectra that accurately reproduced the experimental correlation plots at all T w , the linear absorption spectrum, and the T w dependence of the eccentricity parameter (see Eq. 1). In all cases, the data and calculations were in excellent agreement. Notably, the dynamics of the red state of free HRP could not be modeled adequately by an FFCF of the form shown in Eq. 2. The static term in the FFCF was replaced with a third exponential that has a 21-ps Ϫ1 time constant.
The parameters defining the experimentally derived FFCFs for free HRP and HRP with the five substrates bound are presented in Table 2 . Each of the FFCFs has a motionally narrowed component characterized by the Lorentzian linewidth (⌫*) that contributes to the total 2D-IR linewidth but does not contribute to the T w dependence. The FFCF of the free-HRP red state is different from all of the other spectroscopic lines. In addition to the motionally narrowed component, two additional time scales, 2 ϭ 1.5 ps and 3 ϭ 21 ps, are observed for the red state. This 3 is the decay-time constant in the exponential factor that formally multiplies the ⌬ 3 2 term in Eq. 2 but is not shown because 3 is infinite for all of the other systems. The results indicate that the full range of structures that give rise to the red-state absorption spectrum have been sampled by Ϸ100 ps. The blue state of free HRP is well described by a single 15-ps exponential but lacks a short-time-scale component (aside from the motionally narrowed term that is common to all of the systems). In the blue state a relatively large set of CO-frequency fluctuations occur on time scales slower than Ϸ100 ps (42) and necessitate a static term in the FFCF ( 3 ϭ ϱ) .
In comparing the behavior of free vs. substrate-bound HRP, the question arises as to the nature of the structural fluctuations that give rise to the observed dynamics. The influence of BHA binding on HRP-CO dynamics has been studied by Kaposi and coworkers both experimentally and by using molecular dynamics simulations (18, 20) . The two spectroscopic states of free HRP were modeled by changing the protonation state of the distal histidine. In the protonated state (taken to be the red peak in the simulations), Arg-38 was relatively far from the CO and exhibited large RMSD fluctuations. In the deprotonated case (blue state), Arg-38 was significantly closer to the CO. Introducing BHA into the active site reoriented Arg-38 toward the substrate, shortened the Arg-38-CO distance slightly, and reduced the RMSD fluctuations of both the distal histidine and arginine.
Our results are in good qualitative agreement with the simulations. It is clear from the FFCF parameters given in Table 2 that the dynamics of HRP with a bound substrate are very different from the red state of free HRP. The free blue and red states have a 15-and 21-ps component, respectively. In contrast, the FFCFs for HRP with bound substrates have a slowest component of Ϸ2 to Ϸ5 ps in the observation time window. The linear absorption spectra of HRP with bound substrates are more similar to the red state of free HRP than to the blue state. The red-state 1.5-ps-fast component is followed by a slow component of 21 ps that takes the FFCF essentially to zero by Ϸ100 ps, completing the dynamics. None of the HRP-substrate systems show a component of their FFCFs that reflects full structural sampling by 100 ps. All of the HRP-substrate systems have substantial structural dynamics too slow to be in the experimentally accessible window, which are manifested as the constant term in the FFCF (see Table 2 ). In comparison with the free-HRP red state, substrate binding significantly reduces the protein fluctuations. The red-state 1.5-ps component becomes two or three times as long, and the 21-ps component becomes too slow to measure. When the protein binds a substrate, the active-site structure exhibits a single spectroscopic state in which fluctuations of the distal arginine are strongly constrained. The small fraction of the dynamics that occur within the experimental window for HRP-substrate systems indicates that the dynamics of the distal histidine are also severely constrained. Our results are consistent with the suggestion that loss of dynamic freedom by Arg-38 is responsible for much of the entropic loss after substrate binding (16) . Further insights into the changes in HRP dynamics after ligand binding can be obtained by comparison to MbCO. The active site of HRP is relatively large, can bind a diverse array of substrate molecules, and contains a distal histidine and arginine. The active site of myoglobin cannot accommodate substrates and does not have a distal arginine, but it also contains a distal histidine and a heme that binds CO. A wealth of experiments and simulations has underscored the pivotal role of the distal histidine in modulating the CO frequency in myoglobin. The H64V mutant (the distal histidine is replaced by a nonpolar valine) displays significantly decreased vibrational dephasing because of the elimination of this polar group (8, 13) . It is instructive to compare the dynamics of free HRP to that of wild-type myoglobin and substrate-bound HRP with H64V.
The eccentricities of wild-type horse heart MbCO (blue squares) and H64V (black circles) are presented in Fig. 5 as a function of T w . MbCO can adopt three distinct spectroscopic states that arise from different structural configurations of the distal histidine relative to the CO (8, 17) . The data shown in Fig.  5 are for the A 1 band of MbCO, the main band in the absorption spectrum. In the A 1 state, it has been shown that the distal histidine does not form a hydrogen bond with the CO (8) . The eccentricities of H64V are obtained from an FFCF derived from previous homodyne vibrational echo experiments (13) . The lines are fits to the HRP-NMBZA (black curve) and free-HRP (blue curve) experimental eccentricities that were discussed above but have been offset along the vertical axis to account for different initial values of the HRP and myoglobin data (different motionally narrowed components). It is apparent from Fig. 4 that despite differences in the structure and function of HRP and Mb, the proteins display qualitatively similar trends in how the CO frequency is modulated by protein structural fluctuations. The dynamics of the red state of free HRP are very similar to those of the wild-type MbCO and are still evolving even at the longest experimentally accessible time scales. Introducing NMBZA into the active site of HRP reduces the rate and amplitude of protein dynamics in a fashion analogous to that of removing the distal histidine in MbCO.
In H64V, the distal histidine has been removed, and the rate and magnitude of the vibrational dephasing on the experimental time scales are reduced accordingly. On the basis of the similarity between the MbCO data and the HRP red-state data shown in Fig. 4 , it is reasonable to assume that a substantial contribution to the vibrational dephasing comes from the fluctuations of the distal histidine and the distal arginine. The 2D-IR experiment is sensitive to time-dependent electric fields around the CO, so the striking similarity in HRP-substrate and H64V dynamics highlights that substrate binding in HRP renders the distal residues nearly static on the 2D-IR experimental time scale. The clear conclusion to be drawn is that substrate binding locks up the distal ligands, constraining the structural fluctuations in the active site. The result is that the time scale of the fluctuations is pushed out to long times (Ͼ100 ps).
Concluding Remarks. The 2D-IR vibrational echo experiments demonstrate that unligated HRP has a dynamically ''loose'' red state in which motions of the distal ligands contribute substantially to vibrational dephasing. After substrate binding, both the amplitudes and time scales of CO-frequency fluctuations decrease markedly.
It is striking that the protein dynamics are significantly decreased when additional potential sources of CO-frequency perturbations are introduced into the active site. The distal residues participate in every step of the enzymatic cycle of HRP, and the results presented here indicate that substrate binding reorganizes and dynamically constrains these residues. On the basis of the observation that substrates in the HRP active site significantly decreases structural fluctuations of the distal residues, we suggest that the protein may exploit this feature of substrate binding to catalyze further steps in the enzymatic pathway. Thus, after recognition of biologically occurring substrates, the protein active site is not only reorganized structurally but also dynamically, priming the enzyme to sample the portion of the conformational energy landscape that may lead to subsequent steps in the reaction. In the enzymatic cycle of HRP, substrate binding occurs after H 2 O 2 enters the active site and binds at the heme. The distal histidine serves as a general proton source, and the distal arginine stabilizes reactive intermediates (4). Thus, both residues must be favorably positioned to facilitate downstream events in the enzymatic cycle, a process that may be afforded by the dynamic quenching observed after substrate binding (20) .
Materials and Methods
Materials and Sample Preparation. HRP type VIA (isoenzyme C) and horse heart myoglobin were purchased as lyophilized powder from Sigma-Aldrich (St. Louis, MO), BZH, BHA, BZA, NMBZA, and 2 H 2 O were purchased from Aldrich. All reagents were of the highest available quality and used without further purification. 2-NHA was synthesized according to published protocols (23) , recrystallized twice, and deemed pure by 1 H-NMR.
CO forms of HRP and myoglobin were prepared according to previously published protocols (8) . Typical absorption at the peak of the CO-stretch band was Ϸ0.1 absorbance units above the protein and 2 H 2 O background, which is typically Ϸ0.4.
2D-IR Spectroscopy. The 2D-IR spectrometer is similar to an experimental setup described previously (44, 45) . Three transformlimited (110 fs, 150 cm Ϫ1 FWHM) mid-IR laser pulses are sequen- tially time-delayed before they are brought into the sample. The vibrational echo pulse generated in the sample is emitted in the phase-matched direction, made colinear with a local oscillator pulse, and dispersed through a monochromator onto a 32-element mercury-cadmium-telluride array detector. The signal is mixed with the local oscillator to obtain full-time, frequency, and phase information about the vibrational echo wave packet. The laser frequency was tuned to coincide with the maximum of the absorption frequency for each protein. For studies on free HRP, the laser frequency was set at 1,920 cm Ϫ1 . In all samples, the broadband laser pulse afforded sufficient bandwidth to observe both 0-to-1 and 1-to-2 vibrational transitions.
For each protein, a family of vibrational echo 2D spectra is obtained as a function of three variables: the emitted vibrational echo frequencies, m , and the variable time delays between the first and second pulses () and the second and third pulses (T w , ''waiting'' time). Frequency correlation maps are created by numerically Fourier transforming the scan data as a function of the emission frequencies, m , at each T w . Absorptive 2D-IR spectra are created via the dual-scan method (44, 46) . The amplitude of the 2D-IR data at each fixed T w is plotted as a function of the Fourier-transformed decay, (horizontal axis in the 2D plots), and emission frequency, m (vertical axis of the 2D plots).
